Traumatic compromise to the dural lining with leakage of cerebrospinal fluid (CSF) may increase a patient's likelihood of developing meningitis with subsequent mortality rates of 10% should infections or fistulas go unrecognized.
1 CSF leakage may be spontaneous, iatrogenic, or occur in the setting of penetrating or closed head trauma. Iatrogenic CSF leaks often times are repaired immediately when identified intraoperatively, or may resolve with observation in the immediate postoperative period. Spontaneous CSF leaks may also be amenable to observation and conservative management. 2 In the setting of trauma, CSF leaks may occur in 2% of all closed head trauma and up to 30% of basilar skull fractures. [2] [3] [4] In posttraumatic CSF leaks, especially of the anterior skull base, 10 to 25% of patients will develop meningitis. The management of these posttraumatic CSF leaks may vary considerably depending on associated intracranial injuries, site of leakage, and the extent of defect. 5 Management options range from observation in anticipation of spontaneous resolution to surgical endoscopic or open repair.
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Historically, two-thirds of traumatic CSF leaks will resolve spontaneously within 1 month. This is especially true in the traumatic lateral skull base trauma, or cranio-aural leak. Famously, Brodie and Thompson showed in 820 cases of temporal bone fractures that 122 had CSF leak and 95 of these closed spontaneously in less than 7 days and 21 more closed in less than 14 days and only 5 persisted. 6 Conversely, CSF leaks of the anterior skull base do not display the same expected conservative management closure rates, which can be readily seen in a review of 81 consecutive CSF leaks comparing the lateral and anterior CSF posttraumatic leak where 14 out of 53 leaks closed spontaneously, compared with 17 out of 28 lateral skull base leaks. 8 Should a persistent cranio-sino fistula form with persistent or intermittent leak, these patients are at an almost inevitable risk of developing meningitis-a risk that persists for decades after their trauma. In a review, one study showed that the cumulative risk of developing meningitis within 10 years of a CSF leak skull base trauma is reduced from 85 to 7% when surgery is able to identify and close the leak initially. 9 The objective of this review is to provide an overview to the etiologies, diagnosis, and management of posttraumatic CSF leaks with insight into contemporary trends and controversies.
the planum sphenoidale posteriorly. The base of the anterior cranial fossa is formed by the ethmoid, sphenoid, and frontal bones. The anterior cranial fossa may be further subdivided into medial and lateral components. The medial portion includes the cribriform plate of the ethmoid bone, extending from the posterior surface of the frontal sinus anteriorly to the planum sphenoidale posteriorly. The lateral portion is formed by the frontal bones and the lesser wing of the sphenoid bone. 10 The anterior cranial fossa houses the frontal lobe in addition to the olfactory tract and bulb. Its close proximity and intimate relationship to the orbit, paranasal sinuses, and intracranial contents may pose specific challenges in the management of posttraumatic leaks in this region. Many classification systems have been proposed in defining anterior cranial fossa injuries. 5, 10, 11 Despite the various classification system, approach to repair of CSF leaks in this region should be centered on attenuating the risks of meningitis, preventing the formation of mucoceles, preservation of frontal sinus tract flow, as well as preventing delayed complications such as brain sagging. 12 Management of fractures in this region can be dictated by the presence or absence of frontal sinus involvement. 10 However, it is important to recognize that these fractures may not occur in isolation and may involve multiple regions.
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Frontobasilar Fractures Diagnostic Procedures
Frontobasilar fractures that result in CSF leak likely involve the posterior table with compromise to the dura, resulting in clear unilateral rhinorrhea. The most frequent location of CSF leak leading to rhinorrhea involves the ethmoid-cribriform plate. 8, 9 Frontal sinus outflow obstruction from swelling, posttraumatic bone fragments, or blood clots may temporarily prevent CSF rhinorrhea, making timely clinical recognition difficult. 13 Diagnosis is usually through combined clinical exam as well as high-resolution computed tomographic (CT) scans. CT scans using 1-mm cuts can identify minor bony defects that may support the diagnosis of a CSF leakaxial, coronal, and sagittal views are necessary to evaluate the frontobasilar skull base. High-resolution CT images with multiplanar views provide a sensitivity of visualization of the bony defects responsible for the CSF leak in 88% of patients.
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In a review of high-resolution CT with multiplanar reformations, the specificity of CT for leak was 91%, and the ability to locate the leak within 2 mm (as confirmed on endoscopic repair) was 75%. 15 Furthermore, fluid within the frontal sinus, pneumocephalus, and intradural air may be indirect findings, further supporting the diagnosis of a CSF leak when obvious displaced bone fragments are not present.
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CSF rhinorrhea may not be clinically evident in all cases, particularly in the setting of an intermittent fistula or low flow leaks. Ancillary laboratory assays including β-2 transferrin analysis of rhinorrhea may help in further supporting a diagnosis. 17 Limitations to β-2 transferrin, however, include the need for significant quantity for analysis which may be difficult to obtain in low flow leaks, as well as delay in analysis which may take several days. However, other CSF properties including glucose and protein counts, in addition to low magnesium and chloride content may facilitate diagnosis, while results of β-2 transferrin are pending. Certain physical exam maneuvers, such as a leaning over Valsalva, may help in some cases, and others will require patient at-home observation with attention to nasal rhinorrhea for collection and submission to the laboratory. In cases where physical exam, laboratory findings, and CT are negative, magnetic resonance imaging (MRI) may be of useful. MRI can show CSF pooling in sinuses directly underlying the fracture, dural injury, and most importantly the associated brain injury and fluid collections such as abscesses. Use of radionuclide cisternography may further assist in making a diagnosis with a sensitivity of 92% for active leaks and 40% for inactive leaks. 9 MRI cisternography has been found to be superior to CT cisternogarphy.
18
Special attention should be given to fractures involving the lateral sphenoid sinuses in posttraumatic patients, where CT angiography or magnetic resonance angiography is often utilized to ensure that the intracranial carotid has not been compromised or is at future risk for developing a pseudoaneurysm. 19 In other refractory cases, or cases where imaging has been nondiagnostic, endoscopic surgical sinonasal exploration with navigation and adjunctive use of intrathecal fluorescein can have a sensitivity of up to 97%.
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In summary, a systematic review of CSF leaks encompassing 68 studies by Oakley et al showed that β-2 transferrin is the most reliable confirmatory test with high-resolution CT being the first-line recommendation for leak identification.
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Should CT not show the source, then MRI cisternography would be the next diagnostic test with the highest accuracy that one may want to consider if surgical endoscopic exploration is planned. This may be performed in addition to intrathecal fluorescein for improved localization. 20 Should MRI cisternography not be available, operative exploration is an option, as is combining the review of high-resolution CT with MRI which should yield a combined sensitivity of 97%.
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Recently, the role of MRI using three-dimensional fast-spin (3D FSE) T2-weight imaging (T2WI) and 3D steady-state free precession (FIESTA) sequences was determined to be a noninvasive alternative for leak localization with promising results for inner ear malformation. 23 Their role in traumatic CSF leaks is yet to be substantiated but may be considered as an alternative prior to invasive localization techniques or directed operative interventions.
Conservative Management
Evolving trends in the management of posttraumatic CSF leaks of the anterior skull base, specifically involving frontal sinus, show an expanding role for conservative management. [24] [25] [26] Such measures include the use of ventriculostomy, lumbar drains, and medical management with stool softeners, bed rest, and head of bed elevation. The goal of conservative management is to reduce CSF pressures allowing for spontaneous healing and resolution of the site of leakage. To date, according to the systematic review by Oakley et al in 2015, there is no aggregate evidence level which can be generated from the available literature to review many adjunctive historic conservative measures.
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In 2001, a survey of otolaryngologists managing CSF leaks from skull base trauma reported that two-thirds were using lumbar drains routinely. 28 In 2012, Psaltis et al could not
ascertain from their meta-analysis the number of cases using lumbar drains, their indications, or their effectiveness. 29 Most literature reviewed in this article identified the decreasing use of lumbar drains, but no studies to our knowledge could be found worth including for recommendation purposes. However, commonly cited indications include large defects, coexistent meningoencephaloceles, and poor neurological exam requiring continuous intracranial pressure monitoring. Prudent use of lumbar drains should be considered due to their unproven efficacy and the fact that they introduce an indwelling foreign body into another sterile body site that may cause infection and persistent leakage. Lumbar drains also create a negative pressure vacuum and if the skull base defects are not sealed off from the sinonasal air cavities, air can be pulled through defects, contributing to pneumocephalus and herniation if watertight closure or packing is not optimal. Cost is also a consideration, as there is evidence that lumbar drains increase hospital length of stay. 21 Elevations in costs have been found to correlate with length of hospital stay in patients managed with lumbar drains when used both during conservative management cases and in conjunction with surgical interventions. 30, 31 Increased in cost has also been seen in association with readmissions due to complications in lumbar drains. 32 Increase in lumbar drain-associated costs, however, may be associated with use in more complicated patients, with greater extent of injury, as well as other comorbid traumatic complications, necessitating studies with appropriate patient-matched cost analysis. Overall, Oakley et al found in their 2015 systematic review of 67 studies managing CSF rhinorrhea, 14 studies adequately addressing the use of lumbar drains. They concluded, with an aggregate grade of evidence C and acknowledgment, that the evidence is limited, and suggested that lumbar drains do not contribute to successful repair. 27 In our interpretation of the literature overall, it is less common for lumbar drains to be used in managing CSF leaks, whether created from surgery or trauma. However, in specific cases, decreasing CSF pressure can theoretically aide in sealing leaks with lower rates of fistula formation. Drainage of CSF fluid likely plays a role in a certain patient cohort, but this cohort is inadequately defined thus far and further research is needed. CSF drainage must be done with close neuro observation, checking for mental status and for volume-related headaches, and the possibility of air and bacteria pulling through the dural defects must be considered and followed with serial imaging. Recently, the role of acetazolamide has been evaluated in the management of CSF leaks. 33 Acetazolamide is a carbonic anhydrase inhibitor that reduces CSF production and has been used in the management of idiopathic intracranial hypertension. Gücer and Viernstein found that at 4 g/day, intracranial pressure was significantly reduced. 33 Chaaban et al provided the first prospective evaluation of acetazolamide use in CSF leak associated with intracranial hypertension in addition to CSF diversion methods and found there was a significant decrease in intracranial pressure within 4 to 6 hours of administration. 34 The role of acetazolamide seems promising due to its direct effects on CSF production and intracranial pressure, but their remains a paucity in the literature, substantiating its use in posttraumatic CSF leaks. Indications for nonoperative interventions include noncomminuted fractures or fractures with minimal displacement. In the high-resolution CT era, other authors classify displacement as greater than one table width as opposed to a historic strict cutoff of 1 mm. 35 Surgical technique and approaches to closure are varied, with no clear consensus existing with regard to optimal methods. However, vital to the successful endoscopic repair of CSF leaks arising in the frontal basilar skull base or frontal sinus is a multilayer closure through the use of grafts (muscle, fat, cartilage, fascia, or bone) or mucosal flaps. 44 Some authors advocate the use of intradural underlay grafts. For more extensive defects, the endoscopically harvested and delivered pericranial flap may be considered when a larger coverage option is needed. Biosynthetic sealants such as fibrin can also be utilized to facilitate adherence between layers, in addition to use of Gelfoam for added support.
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With overlay and underlay techniques, one must consider intracranial pressure and gravity with graft placement and consider the addition of tissue glues, temporary absorbable packing, and formal packing to augment reconstructive techniques.
The use of prophylactic antibiotic therapy is yet to be validated in the literature in the prevention of intracranial infection as a complication frontobasilar and frontal sinus fractures. 50 Individual surgeons or institutions should take caution in deciding their routine antibiotic use based on these metaanalyses. Although they represent the best data to date, it is our opinion that antibiotic studies lack in their individual quality control and their individual indications for prophylactic antibiotic use-with most studies being subjective in their cohort selection or severely lacking in power. It is our interpretation that most surgeons still use perioperative antibiotics (which may extend from surgery to 24 hours postoperatively), but are trending away from using longerterm antibiotics as a routine in all patients. In our opinion, most surgeons would still advocate antibiotics for infected fields, lack of watertight closure, inadequate repair, or other concerning high-risk patient factors for postoperative infections. A major deficit in the postsurgical antibiotic literature is that to increase the power of studies, cohorts of patients are grouped together which should likely be in different cohorts. Overall, the authors agree with the meta-analysis that in lowrisk surgical patients, with a small dural tear, adequately repaired in a timely fashion, with proper postoperative care, perioperative antibiotic use is likely beneficial but longerterm use should be reserved for surgeon or patient-specific risk factor concern.
Overall rates of success for transnasal endoscopic approaches are reported between 80 and 100%. 52 Recently 8 Furthermore, open approaches may be necessitated when endoscopic approaches are contraindicated, or in the setting of failed endoscopic repair. 8 Open approaches further have the added benefit of allowing operative exploration with access to intracranial-associated findings, as well as facilitating single-stage combined reconstruction of concurrent maxillofacial trauma, if open access from above is required. 53 The goals of open repair are the reconstruction of the skull base, providing brain parenchyma support as well as preventing delayed complications including mucocele formation, intracranial infections, as well as recurrent CSF leaks.
5
Open approaches can be achieved by transfacial, subcranial, or transfrontal craniotomies. 54 Reconstructive options include the use of pedicled pericranium, pedicled or free temporalis fascia, or free tensor fascia lata grafts. Other options include further pedicled flaps or free tissue transfer. 1, 8 There is a paucity in the literature with respect to ideal reconstructive methods, likely due to variability in defect size and surgeon preferences, making comparisons difficult. In a study by Neligan et al, a direct comparison between regional and free tissue transfers was made, with lower rates of wound complications, flap loss, CSF leak, and ascending infections found in the microvascular free flap group. 55 In another study by Califano et al in 2003, outcomes between regional and free tissue flaps was also compared, with no difference in major complication rates, despite free tissue transfers being utilized in more complex defects. 56 Microvascular free flaps also have the added advantage of providing robust multilayer-dermis, fat, fascia, muscle-vascularized tissue that is invaluable in larger defects that are at increased risk for ascending infections. 57, 58 Microvascular repair with larger bulky flaps may also enhance closure of intracranial dead space in larger defects, preventing future complications such as sagging brain parenchyma. Therefore, in larger anterior cranial base defects, free tissue transfer may provide improved outcomes, especially when there is associated tissue loss, such as orbital contents or skin avulsion injuries.
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In the setting of CSF leaks that require open repair, frontal sinus cranialization is often necessary to prevent recurrence of the leak. 
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Intrathecal fluorescein may also be utilized intraoperatively, or preoperatively to further assist in site localizationbut only when necessary, as this is still an unrecognized offlabel use of fluorescein with side effects. Additional testing including pure tone audiometry and electrophysiological testing of the facial nerve is also warranted to assist in directing operative management if needed. Of note, any patient requiring operative exploration should have a preoperatively documented facial nerve and tuning fork exam performed.
Conservative Management
In the absence of indications for operative intervention (concurrent injuries, facial nerve paralysis, hearing loss) nonsurgical management may be considered. Conservative management of traumatic middle cranial and temporal bone fractures is centered around minimizing intracranial pressures to facilitate spontaneous resolution. Measures include total bed rest, head of bed elevation, stool softeners, as well as avoiding Valsalva, sneezing, or nose blowing.
6 Conservative management can be tried for the first 7 to 10 days following injury, with other options being considered thereafter due to the increase risk of ascending infection. 65 CSF diversion techniques, including lumbar drains or ventriculostomies, can be considered prior to operative intervention in nonresolving leaks. 14 Overall, spontaneous closure with conservative management can occur in 95 to 100% of cases, with 78% occurring in the first 7 days.
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Several studies indicated that use of prophylactic antibiotics in patients with known CSF leaks in the setting of temporal and middle vault trauma does not attenuate the risk of infection. 61, 67 However, in a pooled meta-analysis by Brodie over a 25-year period, they demonstrated that prophylactic antibiotics did reduce the risk of meningitis. They highlighted that individual studies did not demonstrate any statistical differences between treated and nontreated groups due to small population sizes. 37 Furthermore, it was determined that there was an increased risk of ascending infections in the presence of concurrent infections. 6 It is the authors' opinion that patients with an ongoing CSF leaks into a contaminated space be treated with antibiotics until the leak has stopped to prevent ascending infections. The ideal length of treatment with antibiotics following CSF leak resolution is not clear. Routinely, continuing antibiotics for 7 days after active leaks have resolved has been our combined practice; however, we concede that shorter courses are likely as effective. For example, 72 hours after the leak has stopped would be considered a viable shorter course-this is an area where further research is needed.
middle cranial vault include status of hearing in affected/ unaffected ears, facial nerve function, presence of brain herniation, and location of fistula. 6 Hearing preservation should be attempted if possible, particularly in a better hearing ear. Ipsilateral profound hearing loss involving the otic capsule should be managed with obliteration of the mastoid and middle ear cavities. 68, 69 In circumstances in which the CSF leak is ipsilateral to a better hearing ear, approaches to repair should be conservative and aimed at hearing preservation. Sites of leakage in the posterior cranial fossa or involving the tegmen can be managed with fascial underlay or overlay grafting and obliteration of the mastoid and antrum, usually with a free fat graft. 70 Larger defects involving the tegmen tympani, or petrous ridge, can also be approached through a standard middle cranial fossa craniotomy. 70 For leaks involving brain herniation, Brodie and
Thompson advocated for a three-layer closure including extradural inlay graft using temporalis fascia, placement of an intracranial bone graft, and finally an extracranial onlay graft with fascia.
6
Conclusion
The management of traumatic CSF leaks has evolved over the past several decades. Endoscopic techniques have come to the forefront in the management of anterior cranial fossa defects, while open approaches are reserved for complicated defects and failure. A common theme in modern repair is the use of multilayered closure with vascularized tissue, such as the pericranial flap or nasoseptal flap. For large, complicated defects, free tissue transfer provides a reliable, multilayered construct for repair. Unfortunately, evidence for the routine use of antibiotics and lumbar drains is lacking and deserves more attention.
